Bacterial sensing of environmental signals plays a key role in regulating virulence gene expression and bacterium-host interactions. It is increasingly recognized that detection of host-derived molecules, such as the neuroendocrine stress hormones (catecholamines) epinephrine (adrenaline) and norepinephrine (noradrenaline), plays an important role in modulating bacterial virulence (29, 42) .
Physical and psychological stress has been linked to increased severity and susceptibility to infection in humans and other animals (23, 42) , and epinephrine/norepinephrine levels are an important factor in this. Stress triggers an increase in plasma epinephrine levels (31) , and plasma levels of epinephrine and norepinephrine have been reported to increase with patients suffering from postoperative sepsis compared to patients with no complications (32) . Administration of norepinephrine and epinephrine to otherwise healthy subjects increases the severity of bacterial infections, including Clostridium perfringens in humans and enterohemorrhagic Escherichia coli (EHEC) in calves (42, 63, 65) . Treatment with norepinephrine also increases the virulence of Salmonella enterica serovar Enteritidis in chicks and Salmonella enterica serovar Typhimurium in mice, with a substantial increase in bacterial numbers recovered from the cecum and liver in both cases (47, 65) .
Norepinephrine is found in large concentrations in the gut due to release by gastrointestinal neurones; indeed up to half the norepinephrine in the body may be produced in the enteric nervous system (ENS) (3) . Epinephrine, while not normally found in the gut, is present in the bloodstream and is also produced by macrophages in response to bacteria-derived lipopolysaccharide (LPS) (12, 26) . S. Typhimurium is an enteropathogen, can also cross the epithelial barrier to cause systemic infection, and will therefore encounter both these molecules in the normal infection cycle.
Phenotypes induced by stress hormones in bacteria include increased adherence of EHEC to bovine intestinal mucosa (63) , upregulation of type III secretion and Shiga toxin production in EHEC (22, 60) , upregulation of type III secretion in Vibrio parahaemolyticus (51) , increase in invasion of epithelial cells and breakdown of epithelial tight junctions by Campylobacter jejuni (15) , affected motility and expression of iron uptake genes in S. Typhimurium (8, 9, 36) , and modulated virulence in Borrelia burgdorferi (59) . Epinephrine and norepinephrine can overcome the growth inhibition of many bacteria, including Salmonella, in serum-containing media (13, 43) , due to the ability to act as a siderophore to facilitate iron uptake (13, 28, 47) .
Norepinephrine and epinephrine also interact with bacterial quorum-sensing (QS) systems. QS is a process of bacterial cell-cell communication in which each cell produces small signal molecules termed "autoinducers" (AIs), which regulate gene expression when a critical threshold concentration and therefore population density have been reached. QS affects diverse processes, including motility, virulence, biofilm formation, type III secretion, and luminescence (6, 64) . The EHEC AI-3 QS system is important for motility and expression of the type III secretion system encoded by the locus of enterocyte effacement (LEE) (60) . AI-3 sensing and signal transduction are mediated via the QseBC and QseEF two-component systems, respectively. Epinephrine and norepinephrine can substitute for AI-3, causing cross talk between the two signaling systems and induction of type III secretion and motility (57, 60) . The sensor kinase QseC is autophosphorylated upon binding either epinephrine or norepinephrine (14) , demonstrating the presence of adrenergic receptors in bacteria. These adrenergic phenotypes can also be blocked by the mammalian ␣-and ␤-adrenergic antagonists phentolamine and propranolol, although it should be noted that QseC is blocked only by the former (14, 60) . This suggests the occurrence of cross talk between bacterial and mammalian cell signaling systems and the existence of multiple bacterial adrenergic sensors.
To elucidate the role of host-derived stress hormones in the physiology and pathogenicity of S. Typhimurium, we used MudJ transposon mutagenesis to screen globally for epinephrine-and norepinephrine-regulated genes in S. Typhimurium.
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. Salmonella enterica serovar Typhimurium strains, plasmids, and primers are shown in Table 1 . Bacteria were grown overnight in 5 ml LB broth at 37°C and 200 rpm. A total of 25 l of overnight broth was used to inoculate 25 ml fresh LB, or 250 l to inoculate 25 ml M9 minimal media (48) supplemented with 0.3% Casamino Acids and 40 g/ml histidine, and the bacteria were grown in 250-ml conical flasks at 37°C and 200 rpm. LB medium is commonly used to mimic intestinal conditions (54, 62) . We also used minimal media, as much previous work investigating catecholamines has been done in SAPI-serum minimal media (13, 28, 43) . As supplementation with catecholamines drastically affects growth rate in this media, we used M9 to negate the possibility of growth rate indirectly affecting the phenotypes seen.
General physiological and molecular biological manipulations were performed according to standard laboratory protocols (58) . Antibiotics were added at the following concentrations: kanamycin, 50 g/ml, and ampicillin, 100 g/ml.
Epinephrine/norepinephrine hydrochloride (Sigma) was added to a final concentration of 50 M or 500 M in distilled water (dH 2 O). Propranolol and phentolamine (Sigma) were added to a final concentration of 500 M in dH 2 O.
Chemical synthesis of LED209. N-phenyl-4-{[(phenylamino)thioxomethyl]-amino}-benzenesulfonamide (LED209) was synthesized in three steps essentially by the procedure described by Rasko et al. (55) . Reaction of aniline with 4-acetamidobenzenesulfonyl chloride in ethanol in the presence of sodium acetate at room temperature afforded 4-acetamido-N-phenyl-benzenesulfonamide in 80% yield as a white solid (melting point, 207 to 209°C). The acid hydrolysis of this product with 6 M HCl in ethanol at reflux gave 4-amino-N-phenyl-benzenesulfonamide as a white solid in 98% yield. In the final step, the 4-amino-N-phenylbenzenesufonamide product was condensed with phenylisothiocyanate in dry tetrahydrofuran in the presence of triethylamine at reflux for 48 h. After concentration, the crude oily product was purified by flash chromatography on silica gel in acetone-hexane (1:3) to deliver LED209 as a white crystalline solid (melting point of 161 to 163°C) in 25% yield. The structure and purity of the product was unequivocally confirmed by 1 H NMR, which showed the expected resonances at ␦ 7.00 to 7.47 (9H, 5 ϫ m, ArH), 7.70 (5H, s, Ph), 10 MudJ mutagenesis. MudJ mutagenesis was done as described previously (35) . Briefly, a phage lysate of strain TPA356 was prepared according to standard laboratory protocol (58) and transduced into SL1344. Transductants were plated onto no-carbon E salts (NCE) plates (19) with 100 l 50 mM epinephrine overlaid on the agar and incubated at 37°C for 48 h. Resulting colonies were patched to MacConkey agar plates (Sigma), with or without an overlay of 100 l 50 mM epinephrine, to give a final concentration of approximately 250 M.
Genomic sequencing. MudJ gene insertions were identified using inverse PCR as previously described (2) . Briefly, genomic DNA was isolated using a DNeasy blood and tissue kit (Qiagen), digested with Taq␣I and self ligated with T4 DNA ligase. One l was used as a template for PCR using Phusion polymerase (New England Biolabs) and primers MudOut and MudTaq (Table 1 ). PCR products were purified using PCR cleanup columns (Invitrogen) and ligated into the SmaI site of pPCR-Script (Stratagene). Plasmid DNA was purified using an Invitrogen miniprep kit and sequenced with primer Universal-PCR. Sequencing was performed at Pinnacle, Newcastle University, Newcastle upon Tyne, United Kingdom. Sequence homologies were identified using BLAST (http://blast.ncbi.nlm .nih.gov/Blast.cgi).
␤-Galactosidase assays. Strains were grown in 25-ml volumes in M9 minimal medium for 2.5 h or LB for 3.5 h (for yhaK::MudJ), 50 M epinephrine/norepinephrine was added, and samples were removed after 30 min. ␤-Galactosidase assays were performed using the chloroform-sodium dodecyl sulfate (SDS) permeabilization method as previously described (48) . Experiments were carried out at least three times.
Construction of luciferase reporters and luciferase assays. Promoter regions were identified using the Berkeley Drosophila Genome Project (http://www .fruitfly.org/seq_tools/promoter.html) and cloned into the EcoRI and BamHI restriction sites of plasmid pMK1lux (36), using primers listed in Table 1 .
Promoter-luciferase expression assays were carried out in 200 l LB or M9 in 96-well plates at 37°C, with hormones, adrenergic antagonists, and LED209 added immediately after inoculation. Optical density (OD) and luminescence were measured in a Tecan Infinite200 spectrophotometer every 15 min for 16 h, and the maximum luminescence/OD at 600 nm (OD 600 ) of this was recorded.
Construction of gene knockouts. Genes were deleted using lambda Red mutagenesis (18) . Briefly, primers P1 and P4 (Table 1) were used to amplify the kanamycin cassette from plasmid pKD13, which was transformed into the parent strain containing plasmid pKD46. The kanamycin cassette was removed using the FLP recombinase expressed from the temperature-sensitive plasmid pCP20, and mutations were confirmed by PCR.
Antimicrobial peptide resistance assays. Strains were grown in M9 for 2.5 h, epinephrine or norepinephrine was added, and incubation was continued for 30 min. Assays were done as previously described (36) . Briefly, cultures were diluted to ϳ10 6 CFU/ml, and 50 l was inoculated into a 96-well plate and incubated with 100 l LL-37 (5 g/ml) (Phoenix Pharmaceuticals) for 1 h at 37°C and 200 rpm. Survival rates were determined by serial dilutions and viable counts on LB plates. Percent survival was calculated from the numbers of surviving bacteria divided by the numbers for the initial inoculum.
RESULTS
A genetic screen to identify genes regulated by epinephrine in S. Typhimurium. The detection of host molecules, such as epinephrine and norepinephrine, has an increasingly recognized role in bacterial virulence and host infection (14, 51, 59, 65) . We used a global screen to identify epinephrine-regulated pathways in S. Typhimurium, by using MudJ transposon mutagenesis to produce random chromosomal lacZ gene insertions which were screened for differential regulation with epinephrine. A transposon library of 10,000 S. Typhimurium mutants was patched onto MacConkey agar plates with or without epinephrine, and mutants that showed a color change indicative of differential regulation of the inserted lacZ gene by epinephrine were isolated.
Eight mutants were isolated; seven mutants carried genes that were downregulated by epinephrine, and one carried a gene that was upregulated by epinephrine.
Inverse PCR was used to amplify and clone the DNA flank- ing each MudJ insertion, which was then sequenced. The identities of the genes are listed in Table 2 , and the chromosomal organization of the genes is shown in Fig. 1 . A single gene was upregulated by epinephrine and was identified as yhaK, whose product is a putative cytoplasmic protein of unknown function. Downregulated genes included virK and mig14, which are important for virulence and survival in a mouse model, survival in macrophages, and resistance to the antimicrobial peptides polymyxin B and CRAMP (cathelicidin-related antimicrobial peptide) (10, 11, 20) . A fatty acid biosynthesis gene, accC, which encodes the biotin carboxylase subunit of acetyl-coenzyme A (CoA) carboxylase and catalyzes the first committed step of fatty acid biosynthesis, was among the downregulated genes (16) .
A siderophore transport gene, iroC, part of the gene locus involved in the synthesis, transport, and utilization of the siderophore salmochelin, a glucosylated form of enterobactin (17, 33) , was also downregulated. A ribonucleotide diphosphate reductase (RRase) subunit, nrdF, which catalyzes conversion of ribonucleotides to deoxyribonucleotides for DNA synthesis, was also downregulated (45, 50, 52). The gene STM3081, which encodes a putative L-lactate/ malate dehydrogenase, and yedP, which encodes a putative mannosyl-3-phosphoglycerate phosphatase, both of uncharacterized function, were also downregulated by epinephrine.
Epinephrine and norepinephrine regulate gene expression in similar manners. ␤-Galactosidase assays of isolated mutants grown to mid-exponential phase showed the same regulatory phenotype upon addition of 50 M epinephrine as seen in the initial screen using MacConkey agar plates. The addition of norepinephrine also resulted in the same phenotype, suggesting that both hormones may act in similar manners to affect S. Typhimurium gene expression (Fig. 2) .
To further confirm the epinephrine-and norepinephrineregulated phenotypes, promoter-luciferase reporter constructs for each gene or gene operon shown in Fig. 1 were made and introduced into the wild-type background. The activity of each promoter was measured by luminescence produced by the luciferase. The promoters of STM3083, virK, mig14, nrdH, accB, iroB, and yedP were all downregulated by epinephrine and norepinephrine, and expression of yhaK was upregulated by epinephrine and norepinephrine (Fig. 3) . These results are in agreement with the ␤-galactosidase assays, confirming the initial observations. Each hormone was added to 500 M for luciferase assays to induce the same phenotype seen in the ␤-galactosidase assays. This may be explained by differences in growth conditions between the two assays; ␤-galactosidase assays were done in 25-ml volumes in shaking flasks with good aeration, whereas luciferase assays were conducted in 200-l volumes in 96-well plates with occasional agitation.
Epinephrine/norepinephrine-mediated gene expression is blocked by the ␣-adrenergic antagonist phentolamine. Some neuroendocrine stress hormone-mediated phenotypes, such as upregulation of type III secretion and motility in EHEC, are blocked by mammalian adrenergic antagonists, such as phentolamine (PE) (␣-blocker) and propranolol (PO) (␤-blocker) (14, 60) . The neuroendocrine stress hormone-associated growth promotion of S. Typhimurium in SAPI-serum minimal media is also blocked by PE but not PO (27) , and it was reported that the motility of S. Typhimurium is reduced by PE (8) .
We investigated whether PE or PO could block the epinephrine-and norepinephrine-regulated phenotypes seen with S. Typhimurium by measuring the luminescence of promoterluciferase constructs for each identified gene. The ␤-blocker PO did not reverse the epinephrine-and norepinephrine-regulated phenotype for any gene (data not shown). On the other hand, addition of the ␣-blocker PE could reverse the epinephrine-and norepinephrine-mediated regulation of yhaK, virK, and mig14, while having no significant effect on the other epinephrine/norepinephrine-regulated genes (see Fig. 3 ). Epinephrine and norepinephrine decrease antimicrobial peptide resistance. virK and mig14 are involved in resistance to the murine antimicrobial peptide CRAMP, both showing decreased survival rates in relation to the wild type (11). As expression of both genes is decreased by epinephrine and norepinephrine, we investigated whether these hormones affect resistance to cathelicidin LL-37, a human antimicrobial peptide with 67% identity to CRAMP and produced by macrophages and intestinal epithelial cells (4, 53) .
Exposure to 500 M epinephrine or norepinephrine resulted in a significant decrease in resistance to LL-37 to approximately 20% of the water control (Fig. 4A) . We constructed precise deletion mutants of virK and mig14, along with a virK mig14 double mutant. The ⌬virK mutant was significantly more sensitive to LL-37 than the wild type, and the ⌬mig14 mutant showed a slight, nonsignificant decrease in resistance. The ⌬virK ⌬mig14 double mutant was also more sensitive to LL-37, suggesting that the epinephrine/norepinephrine-induced LL-37 sensitivity is mediated through these genes (Fig. 4B) .
Recently, we have shown that epinephrine increases sensitivity to polymyxin B in a manner dependent on the twocomponent system BasSR (36) . We saw no change in expression of virK or mig14 in the ⌬basS mutant compared to the wild type, either with or without epinephrine/norepinephrine (data not shown), suggesting that virK and mig14 are regulated by epinephrine/norepinephrine through a mechanism independent of BasSR.
The two-component systems QseBC and QseEF do not mediate adrenergic signaling responses. The QseBC two-component system has been identified as an adrenergic receptor in EHEC, regulating the epinephrine-, norepinephrine-, and autoinducer-3-mediated induction of type III secretion and motility (14, 60) . The two-component system QseEF is also reported to be involved in adrenergic regulation of type III secretion in EHEC (56, 57) . To determine whether QseBC or QseEF are involved in the adrenergic regulation of the identified genes, we constructed a precise qseBC mutant and a mutant of the response regulator qseF, which negates the signaling effect of QseEF in EHEC (56) . We introduced the promoter-luciferase reporter constructs for each identified gene into the ⌬qseBC and ⌬qseF mutants and found no difference in the expression levels of any genes in the ⌬qseBC or ⌬qseF mutant compared to the wild type upon addition of water, epinephrine, or norepinephrine (data not shown). As many phenotypes attributed to QseBC have been analyzed in a qseC single mutant (8, 14, 55, 60) , we constructed and analyzed a qseC single mutant, which also displayed no change in phenotype compared to the wild type (data not shown). Furthermore, we constructed a ⌬qseBC ⌬qseF triple mutant and introduced each promoter-luciferase construct to investigate the possibility of functional redundancy between the two signaling systems. We found no change in expression in the ⌬qseBC ⌬qseF mutant compared to the wild type (Fig. 5 ). This suggests that these genes are regulated through a mechanism independent of known bacterial adrenergic signaling pathways in S.
Typhimurium. N-phenyl-4-{[(phenylamino)thioxomethyl]
amino}-benzenesulfonamide (LED209) was recently identified as inhibiting adrenergic signaling in EHEC by preventing the binding of norepinephrine to QseC and thus blocking QseC-mediated cell signaling at a concentration of 5 pM (55). Addition of LED209 at 5 pM, 5 nM, or 5 M did not affect expression of any of the identified genes when supplemented with water, epinephrine, or norepinephrine (Fig. 6 ). This further supports the argument that QseC is not involved in adrenergic gene regulation, at least of these genes, in S. Typhimurium.
Role of TonB-dependent siderophore uptake in mediating adrenergic sensing. Some adrenergic phenotypes in bacteria are associated with altered iron uptake via the siderophore enterobactin (13, 28, 47) . To determine whether the same mechanism is responsible for the adrenergic regulation of the identified genes, we constructed a tonB mutant defective in siderophore uptake and introduced the promoter-luciferase reporter constructs for each gene. We found that each fusion showed differential regulation upon addition of each hormone, suggesting that the adrenergic regulation is mediated through a mechanism independent of TonB (Fig. 7) . We found that expression of mig14 and nrdH were significantly upregulated in the ⌬tonB mutant compared to the wild type, suggesting that these genes may be affected by the altered iron status of the cell in the ⌬tonB mutant. Upon addition of either hormone, we saw that expression was reduced to approximately the same level in both the wild type and the ⌬tonB mutant. These results suggest that in contrast to other adrenergic phenotypes, such as growth promotion in SAPI-serum (13, 28, 47) , the adrenergic regulation of these genes is mediated through a mechanism independent of TonB-dependent siderophore transport and iron uptake.
DISCUSSION
This work has identified several genes in S. Typhimurium which are regulated by epinephrine and norepinephrine. We have shown adrenergic downregulation of virK and mig14, which are important virulence genes affecting survival and long-term persistence in the host. A mutation in either gene reduces the virulence of S. Typhimurium in a mouse infection model and reduces survival in macrophages. S. Typhimurium mig14 mutants colonize mouse liver/spleen as wild type but fail to replicate after 5 days postinfection, suggesting a role in persistence and the late stages of infection (11, 20) . The production of epinephrine recently observed with macrophages (12, 26) may therefore act as a host defense system to reduce the pathogenic potential of Salmonella by downregulating expression of these virulence genes. The downregulation of mig14 may reduce levels of persistent infection and promote clearance of bacteria.
Both virK and mig14 are reported to affect antimicrobial peptide resistance, mutants showing decreased resistance to polymyxin B, and the mouse-derived peptide CRAMP (10, 11). Brodsky et al. (11) showed increased levels of fluorescein isothiocyanate (FITC)-labeled CRAMP associated with virK and mig14 mutant cells compared to the wild type, suggesting that these genes may act to prevent association of antimicrobial peptides with the bacterial cell, although the mechanism is currently unknown.
We have shown a stress hormone-mediated decrease in resistance to the peptide cathelicidin LL-37, a human antimicro- bial peptide displaying 67% identity to CRAMP, which is produced by diverse tissues, including the gastrointestinal tract, bone marrow, and macrophages, and has antimicrobial activity against many Gram-positive and Gram-negative bacteria.
LL-37 plays an important role in innate immunity, serving to protect epithelia from bacterial pathogens (4, 53) . Levels of host stress hormones increase in response to infection (23, 32) , and an epinephrine/norepinephrine-mediated increase in sensitivity to LL-37 may act as a host defense system to combat infection, suggesting that bacterial sensing of stress hormones may be a double-edged sword; although bacteria can sense and exploit these molecules, the host can use the same signals to manipulate the bacteria. The effects of epinephrine and norepinephrine are likely to be complex, involving multiple effects on both bacteria and host to influence the outcome of infection. It is possible that the adrenergic downregulation of these genes may confer an advantage to the bacteria under certain in vivo conditions but an unavoidable disadvantage in others; for example, it was recently shown that the downregulation of the lipopolysaccharide (LPS)-modifying enzymes PmrF and PagL causes an increase in sensitivity to polymyxin B but also concomitantly reduces activation of the TLR-4 Toll-like receptors, reducing the host inflammatory response to infection (37, 38, 49) . Pretreatment of mice with norepinephrine enhances recovery of S. Typhimurium from the liver and cecum of infected BALB/c mice by up to 2 logs (47, 65) . These mice are genetically highly susceptible to Salmonella infection and usually die a few days postinfection. Mig14 is involved in the later stages of infection; when infecting the less susceptible mouse strain 129Xi/SvJ, mutants initially show no virulence defect but are cleared from the host more effectively after 28 days of infection (11) . Speculatively, epinephrine and norepinephrine may initially act to increase bacterial virulence during acute infection, as observed with mice, chicks, and cattle, (44, 47, 65) , but the hormone-mediated downregulation of genes such as mig14 may then help clear infection and reduce long-term persistence of bacteria in the host.
Epinephrine has been shown to decrease resistance to polymyxin B through downregulation of the pmr operon, in a man- ner dependent on the two-component system BasSR (36) . We have shown that expression of virK and mig14 is independent of BasSR, suggesting that stress hormones affect LL-37 and polymyxin B resistance by two independent mechanisms. Supporting this theory, the epinephrine-mediated downregulation of the pmr operon and polymyxin sensitivity are blocked by the ␤-adrenergic antagonist propranolol (36) , whereas mig14 and virK expression is blocked by the ␣-adrenergic antagonist phentolamine.
The two-component system QseBC has been identified as an adrenergic receptor in EHEC, regulating virulence-related processes in a manner blockable by the adrenergic antagonist phentolamine (14, 60) . We found that deletion of qseBC had no impact on the regulation of any hormone-regulated gene in this study. Despite this, we have observed that the adrenergic regulation of virK, mig14, and yhaK is blockable by phentolamine. This suggests that a different receptor may be responsible for mediating the adrenergic phenotypes seen with S. Typhimurium. In support of this hypothesis, it has recently been published that QseBC does not affect any of the identified epinephrine/norepinephrine-regulated phenotypes in S. Typhimurium as determined by microarray analysis (46) . Furthermore, we found no effect of LED209 on gene expression, although this compound inhibits QseC-mediated adrenergic signaling in EHEC (55) , further supporting the theory that adrenergic cell signaling is mediated through different pathways in S. Typhimurium and EHEC. Furthermore, as the remaining identified genes were unaffected by phentolamine or propranolol, this suggests that at least two signaling pathways are present, one blockable by phentolamine and one not.
Epinephrine and norepinephrine have been shown to act as siderophores to increase bacterial iron uptake (13, 28, 36, 47) . This increase in intracellular iron may cause the downregulation of genes involved in siderophore synthesis and transport, normally expressed under iron-limiting conditions. We have observed this with the epinephrine/norepinephrine-mediated downregulation of the iro genes, which synthesize and transport the siderophore salmochelin (17, 33) . The downregulation of the nrd genes may also be due to changes in iron status, as their expression has been reported to increase during ironlimited conditions (45) .
Enterobactin is a major siderophore in Salmonella. A glucosylated form of enterobactin, salmochelin displays lower iron binding affinity but is advantageous under certain conditions (33) . Enterobactin is bound by host proteins, such as serum albumin and neutrophil lipocalin NGAL, which is produced by neutrophils and epithelial cells (30, 40) , which reduces efficiency of enterobactin-mediated iron acquisition. The glucosylation present on salmochelin inhibits the binding of lipocalin (25) , making it more effective for iron acquisition in some environments, such as inside macrophages, but it has been reported that the Salmonella-containing vacuole (SCV) of macrophages is an iron-rich environment (24) , so expression of iron uptake genes would be limited and of no significance in modulating pathogenesis.
The range of epinephrine and norepinephrine concentrations used in this study reflect those widely used in other studies (28, 36, 43, 60) . Up to half the norepinephrine in the body may be produced in the enteric nervous system (ENS) (3), but the actual concentrations found are very difficult to determine accurately. Furthermore, the levels vary according to, for example, the tissue location, stress levels, and circadian rhythms and can potentially reach millimolar concentrations (12) , adding physiological relevance to the concentrations used in this study.
The genes identified in this work show no overlap with genes previously identified as being regulated by epinephrine in S. Typhimurium (36) . This may be due to following differences in the screening methods utilized: MudJ transcriptional fusions compared to mRNA levels, differences in growth conditions affecting bacterial physiology, and agar plates compared to LB liquid culture. The two methods may highlight important differences in the S. Typhimurium responses to epinephrine/norepinephrine under different growth conditions. It must be noted that concomitant with our data, Bearson et al. (9) identified the gene iroC as being downregulated by norepinephrine in SAPI-serum minimal media.
The bacterial phenotypes associated with epinephrine/norepinephrine have been linked to effects on iron uptake or interaction with quorum-sensing (QS) systems (13, 43, 60) . We have found that the adrenergic regulation of the identified genes is independent of TonB-dependent siderophore transport. Interaction of stress hormones with quorum-sensing systems is thought to be distinct from iron uptake, but the divide between iron uptake and quorum sensing is becoming increasingly blurred. For example, the Pseudomonas aeruginosa siderophore pyoverdine also has a separate role in cell signaling (41) , and the Pseudomonas signaling molecule PQS along with other quinolones can chelate iron and facilitate iron uptake (21) . A mutant in tonB, essential for iron-bound siderophore uptake, has been reported to be defective in the production of the QS molecule 3-oxo-C12-AHL in Pseudomonas (1). Stress hormone-regulated effects on bacteria are likely to be complex, involving multiple factors, including quorum sensing and iron uptake.
It is interesting to note that three of the identified genes, virK, mig14, and iroC, are all part of a 45-kb S. enterica-specific genomic region, thought to have been acquired by horizontal transfer after divergence from E. coli (7) . Both mig14 and virK are found in some (but not all) S. enterica serovars, but neither is found in E. coli. The iro locus is found in S. enterica and some uropathogenic E. coli strains (33, 61) . The adrenergic regulation of these genes may therefore form part of a unique Salmonella-specific or even Salmonella serovar-specific response to host-derived hormones.
None of the remaining genes that we identified that are present in E. coli are regulated by epinephrine or norepinephrine in E. coli, to the best of our knowledge, although several microarray studies have been conducted to investigate the global effects of these hormones in E. coli (5, 22, 39) . This may be due to the differences in pathogeneses of the two; S. Typhimurium is an invasive pathogen infecting macrophages and epithelial cells, whereas E. coli is mainly noninvasive, remaining in the host intestine. The two very different niches occupied by each pathogen require different sets of genes to be expressed to gain the maximum advantage, so epinephrine and norepinephrine may regulate different sets of genes to the advantage or detriment of the pathogen.
In conclusion, we have identified epinephrine/norepinephrine-mediated downregulation of two important virulence-722 SPENCER ET AL. J. BACTERIOL.
related genes, virK and mig14, and increased sensitivity to the antimicrobial peptide LL-37, potentially highlighting a mechanism for neuroendocrine stress hormone-mediated downregulation of bacterial virulence. This study has further elucidated the S. Typhimurium response to the host-derived hormones epinephrine and norepinephrine, providing further insights into the area of bacteriumhost communication.
